Transcription factors encoded by the Dmrt gene family regulate multiple aspects of animal reproduction. Most studies investigating the Dmrt gene family were conducted in model organisms from bilateral species, with a particular emphasis on gene function in male sex determination. It is still unclear whether the E. ancora Dmrt (EaDmrt) genes found in basal metazoans such as cnidarians share similar characteristics with orthologs in other metazoans. In this study, seven full Dmrt gene transcript sequences for a gonochoric coral, Euphyllia ancora (phylum: Cnidaria; class: Anthozoa), were obtained through transcriptome data mining, RT-PCR analysis, rapid amplification of cDNA ends, and sequencing. These EaDmrts were subjected to quantitative assays measuring temporal and tissue-specific expression. Results demonstrated a unique gene expression pattern for EaDmrtE, which is enriched in female germ cells during the spawning season. Based on the phylogenetic analyses performed across the homologous Dmrt genes in metazoans, we found that the female-specific EaDmrtE gene is not related to the DM1 gene of Acropora spp. coral nor to Dmrt1 of vertebrates, which are involved in sexual reproduction, especially in sex determination (vertebrate Dmrt1). Additionally, high levels of EaDmrtE transcripts detected in unfertilized mature eggs are retained in newly formed zygotes but decrease during embryonic development. We suggest that the newly discovered gene may play a role in oogenesis and early embryogenesis as a maternal factor in corals. Therefore, the sexual reproductionassociated Dmrt gene(s) should have arisen in cnidarians and might have evolved multiple times in metazoans.
INTRODUCTION
Animals display variations in sex determination and gonad differentiation that are mediated by a large group of transcription factors encoded by the Dmrt genes. Dmrt genes (genes encoding Doublesex [Dsx fDg] and Mab-3-related transcription factors [M] ) are characterized by the presence of at least one highly conserved DM domain with a zinc-fingerlike DNA-binding motif [1, 2] . These genes were originally identified as the sex-related genes Dsx and Mab-3 in Drosophila and the nematode species Caenorhabditis elegans, respectively [3, 4] . Their orthologs were subsequently discovered in diverse metazoan lineages ( Fig. 1 ) [5] . In addition to their ubiquitous presence, metazoans also exhibit a large diversity in number of Dmrt paralogs ( Fig. 1) [6, 7] . This implies that the complex sexual regulations in animals may have originated quite early in metazoan evolutionary history and may be related to the dynamic process of Dmrt gene duplication and loss [8] [9] [10] . Moreover, alternative splicing of Dmrt genes can contribute to the functional diversity in flies, mammals, and teleost fishes [11] [12] [13] [14] [15] .
Studies of functions associated with sexual development in the Dmrt gene family were carried out mainly in model organisms from bilateral species (Fig. 1 ). For example, in the genetic hierarchy of sexual development, the proteins encoded in Drosophila and C. elegans and by some vertebrate Dmrt genes act as downstream regulators of sex determination and sexual differentiation [16, 17] . In Drosophila, alternative mRNA splicing of the Dmrt gene (Dsx) can result in sexspecific regulation of target gene expression that may lead to a sexual differentiation [18] . The two Dsx (female-specific and male-specific) isoforms share identical N-terminal sequences but have different C-terminal sequences. Such sex-specific splicing of pre-mRNA is controlled by the upstream genes Sexlethal (Sxl) and transformer (Tra) [19, 20] . In C. elegans, Mab-3 is activated through an interaction with regulators encoded by a series of other sex-related genes (Xol-1, Sdc-1/2/3, Her-1, Tra-2/3, Fem-1/-2/-3, and Tra-1) in a genetic hierarchy to repress the gene encoding yolk protein [3, 17, 21] . The Mab-3 gene is also responsible for development of sexual dimorphism in nematodes [22] .
Among individual Dmrt paralogs, the vertebrate Dmrt1 expression patterns and associated functions have been the best studied. This gene plays an important role in male gonad development in mammals, birds, and reptiles [23] [24] [25] [26] [27] . Its functions in testis differentiation have been experimentally confirmed. Loss of Dmrt1 can lead spermatogonia to precociously exit the spermatogonial program and enter meiosis in murine species [28] ; whereas gene deficiency or mutation appears to be associated with human gonadal dysgenesis and sex reversal syndromes [29] [30] [31] . In the protandrous teleost fish Acanthopagrus schlegelii, Dmrt1 knockdown results in a reduced number of germ cells in the testis and a male-to-female sex change [32] . In addition to its primary role in sexual reproduction in adults, some studies suggest that Dmrt1 is also expressed in the genital ridges of vertebrate embryos and may regulate differentiation of the internal reproductive organs [26, [33] [34] [35] [36] .
Recent studies of Dmrt genes have focused on the discovery of the Dmrt orthologs/paralogs in bilateral and especially vertebrate species, as well as on their genetic mechanisms, their FIG. 1. Summary of the available data for the diversity, tissue-specific expression patterns, and functions of the Dmrt members in metazoan adults and embryos. Numbers in the white and gray squares are paralogous Dmrt genes and isoforms, respectively. Text in circles denotes type of Dmrt genes, and studies in embryos are underlined. Expression in gonadal tissue: somatic cells ¼ light blue; testes ¼ blue; male germ cells ¼ dark blue; ovaries ¼ purple. Expression in non-gonad tissue: somatic cells ¼ yellow; neurons ¼ olive; sex-specific morphology ¼ brown. Numbers in parenthesis are references . Star ¼ putative functions of the Dmrt genes as suggested by knockdown, transgenesis or mutagenesis. Triangles ¼ findings from this study. n.r. ¼ no report. The metazoan phylogenetic tree was newly constructed according to the hypothesis in the previous studies [38, 118] .
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primary roles in sexual reproduction, and their relative functions (Fig. 1) . Little is known about this gene family in basal metazoans. The phylum Cnidaria is the sister group of all bilateral animals (Fig. 1) . Thus, research in cnidarian species is helpful to infer the evolution of metazoan Dmrt genes and the origin of their functional complexity [37, 38] . Based on recent surveys of available genome/transcriptome data, cnidarian species possess a large number of Dmrt genes, with 10 paralogs in sea anemone (Nematostella vectensis) and in scleractinian coral (Acropora digitifera) [6, 39] . The cnidarian Dmrt gene function was first deduced based on a study from a scleractinian coral species, Acropora millepora [40] . In this study [40] , the authors detected a DM domain gene (named AmDM1) in the genome and showed that its transcripts peaked during the spawning season, implying that this gene is associated with sexual reproduction [40] . However, it is still unclear whether the so-called AmDM1 gene is directly associated with sex determination, sexual differentiation, and germ cell development in corals due to a lack of data from tissue-specific expression experiments. A recent study indicates that two Dmrt genes from a sea anemone, Nematostella vectensis (NvDmrtE and NvDmrtG) were related to reproduction but they showed less tissue specific expression based on the whole mount in situ hybridization staining [39] . Two recent studies that investigated the ''DmrtB'' gene identified from another cnidarian species (N. vectensis) suggested that the function of Dmrt is associated with neurogenesis [6, 41] . Dmrt gene functions as a regulator of developmental processes other than sexual ones was also demonstrated in Drosophila, a nematode, a tunicate species, and a few vertebrate species (Fig.  1 ) [42] [43] [44] [45] [46] [47] [48] .
To further investigate whether the Dmrt gene(s) is associated with sexual reproduction and other developmental processes in basal metazoans, we carried out our study by using another scleractinian coral species, Euphyllia ancora (family: Euphylliidae; phylum: Cnidaria; class: Anthozoa). This particular species was chosen because: 1) E. ancora is gonochoric and has larger polyps (3-4 cm) than those of the classical coral model Acropora spp., making it possible to derive tissue-specific samples from male and female polyps [49, 50] ; and 2) certain stages of male/female gonad development can be unambiguously collected because a reliable gametogenesis database has been established for E. ancora [51, 52] . We first isolated and characterized EaDmrt genes by using transcriptome data mining and RT-PCR and rapid amplification of cDNA ends (RACE) PCR sequencing. Second, we conducted phylogenetic analyses to infer the evolutionary relationship between cnidarian and other metazoan Dmrt genes to assess the homology of the identified EaDmrt genes. Third, we used quantitative RT-PCR to assess temporal and tissue-specific expression of each identified EaDmrt gene. Finally, the evolution and functional diversity of the Dmrt gene family in metazoans are discussed.
MATERIALS AND METHODS

Sample Collection
A total of 13 E. ancora colonies were tagged for the surveys held between 2009 and 2013 in Nanwan Bay, Southern Taiwan (21857 0 N, 120846 0 E). Colony fragments that measured at least 6 cm were collected with chisels and hammers during scuba diving sessions. E. ancora communities carry out sexual reproduction annually, and their spawning season is in May [51] . Based on the time course of E. ancora gametogenesis, the putative gonad and whole tissues were collected at 2-mo intervals (from June to January of the following year), when corals were at their undifferentiated, early and middle reproductive stages. They were also collected monthly (from February to May), when they were at their mid-late to mature reproductive stages. During every collection session, tissues were fixed in liquid nitrogen for molecular analysis and in formalin for histological studies. The sampling permit (issue number: 1010006545) was approved by Kenting National Park.
cDNA Synthesis, RT-PCR, Cloning, and Sequencing
To obtain a full set of E. ancora Dmrt transcripts sequences, we performed transcriptome database mining, RT-PCR, RACE PCR, cloning, and sequencing. RNA extractions, cDNA synthesis, and PCR reactions were performed using the following procedures. Nitrogen-fixed tissues were homogenized in TRIzol reagent (Invitrogen, Carlsbad, CA) on ice, and total RNA was extracted following the manufacturer's protocols. Complementary DNAs were subsequently synthesized from 2 lg of total RNA, using SuperScript P reverse transcriptase (Invitrogen).
We searched for the homologous EaDmrts gene with the Basic Local Alignment Search Tool (BLAST) in the E. ancora transcriptome database (unpublished data from the senior author's laboratory), using the N. vectensis and A. digitifera Dmrt genes as the query sequences. Sequences from seven partial EaDmrt gene fragments were identified. To obtain the full EaDmrt sequences, specific primers (Supplemental Table S1 ; Supplemental Data are available online at www.biolreprod.org) were designed based on the partial EaDmrt sequences, and RACE PCR was performed using a SMART RACE cDNA amplification kit (BD Bioscience, Clontech, Franklin Lakes, NJ). To increase the amplification specificity of the 3 0 and 5 0 sequences, a touchdown PCR protocol was applied using the following conditions: denaturation step at 948C for 5 min; 5 cycles at 948C for 30 sec, and 728C for 2 min; then 5 cycles at 948C for 30 sec, 698C for 30 sec, and 728C for 2 min; and finally 35 cycles at 948C for 30 sec, an annealing step for 30 sec (annealing temperatures for each primer are given in Supplemental Table S1 ), and 728C for 2 min, and 728C for 7 min for the final extension. Specific primers for each EaDmrt open reading frame sequences were designed for sequencing confirmation (Supplemental Table S1 ). The PCR profiles were as follows: denaturation step at 948C for 5 min; 35 cycles at 948C for 30 sec, annealing step for 30 sec (at a annealing temperature that was specific to each primer, see Supplemental Table S1 ), and 728C for 1 min and 30 sec; final extension step at 728C for 5 min. The PCR products were confirmed by electrophoresis, subcloning, and sequencing as described previously [51] .
Quantitative RT-PCR Analyses
We targeted three objectives using the quantitative RT-PCR (qPCR) approach. Tissue-specific samples were collected for each objective.
First, to check whether EaDmrt genes were associated with sexual reproduction, we quantified their expression levels in a series of samples containing mesenteric filaments and different gamete stages (n ¼ 24, including 4 replicates for each stage). Early, developing, and mature female germ cells were collected in June and December and the following April, respectively. Scattered spermatogonia in mesentery, clustered spermatogonia, and spermatids and sperm were collected in December, the following February, and in April, respectively.
Second, to understand whether any EaDmrt genes had specific expression in the gonads, those tissues (4 replicates each for the tentacles, mesenteric filaments, and gonads from males and females) were sampled from the colonies collected in March. Tissue derivation was performed using stereomicroscopy (model SZX16; Olympus, Tokyo, Japan) according to procedures described previously [46] . Third, to investigate whether any Dmrt gene acted as a maternal factor, assays to detect Dmrt gene expression levels were carried out not only in unfertilized eggs (0 h) but also in embryos collected 32, 64, and 125 h after fertilization (3 replicates for each time point).
Gene transcripts from the particular tissues and cells were obtained and quantitatively analyzed as follows. RNA isolation and cDNA synthesis were performed according to previous procedures [51] . SYBR Green-based qPCR was performed using model 7500 Real-Time PCR system (Applied Biosystems, Foster City, CA). qPCR conditions for measuring Dmrt transcript levels were 1 cycle of 958C for 5 min; 40 cycles of 958C for 15 sec, and 608C for 1 min. The qPCR primers (listed in Supplemental Table S1 ) were designed using the OligoAnalyzer version 3.1 software (Integrated DNA Technologies, Coralville, IA). Gene b-actin (JQ968408) was chosen as an internal control, and the specific primers used followed those of previous studies [49] [50] [51] [52] . 18S ribosomal RNA was as an internal control for the maternal factor analysis, and specific primers were designed from a published sequence (AY372256). Data obtained were analyzed using the 2
ÀDDCt method implemented in the 7500 Fast system SDS software (Applied Biosystems), and the highest value in each comparison was defined as 1 to calculate the relative expression. The analysis of variance of the EaDmrts gene expression patterns was performed using two-way ANOVA to test the interaction effects of sexuality-3-season A MATERNAL Dmrt GENE IN REPRODUCTION IN A CORAL variation (objective 1) and sexuality-3-tissue specificity (objective 2). To evaluate the significance difference in the gene expressions during embryogenesis (objective 3), analysis of variance was performed with oneway ANOVA. The threshold for statistical significance was set to a P level of ,0.05, and Duncan tests were performed for the post hoc analyses. The analyses mentioned above were conducted using R statistical software (R Foundation, Vienna, Austria).
Phylogenetic Analyses and Comparison of Sequence Similarity
To infer evolutionary relationships between EaDmrts in cnidarian and other metazoan Dmrt genes, phylogenetic analyses were performed based on the predicted translated amino acid sequences derived from these genes. Analyses were conducted based on two datasets. One set contained cnidarian Dmrt sequences, and the other one contained selected metazoan Dmrt sequences available from NCBI, Ensembl, and JGI cnidarian databases (Supplemental Table S2 ). The translated amino acid sequences were automatically aligned using ClustalW software (with default parameters; European Bioinformatics Institute, Cambridge, UK) as implemented in Mega 5 [53] , and alignments were checked and adjusted by eye, using Mega5 and Se-Al version 2.0a11 software [53, 54] . Due to an overall lack of similarity across the initial alignment outside of DM domains, we decided to select conserved DM domains (64 amino acid residues) only for the phylogenetic reconstruction.
Phylogenetic analyses were conducted based on Bayesian and maximum likelihood methods with a best-fit JTTþ Gamma amino acid substitutions model determined by ProtTest3 [55] for the two datasets. Bayesian analyses were performed using Mrbayes version 3.2 software [56] with a default setting. For each analysis, two independent Bayesian runs were conducted. From each run, four independent Markov chain Monte Carlo (MCMC) chains were performed with 400 000 generations for the cnidarian dataset and 5 000 000 generations for the metazoan dataset. Parameters and trees were sampled every 500 generations. In the searches, stationality in the log likelihood scores was observed after approximately 40 000 and 500 000 generations for the two datasets, respectively. The MCMC convergence in the analyses was confirmed using AWTY software [57] . Finally, the two Bayesian phylogenetic trees along with the posterior probabilities at the nodes were constructed with the 50% majority rule-consensus method from the trees pooled from two runs for each analysis after removing the burn-in parts.
Maximum likelihood analyses were carried out with PhyML version 3.0 software [58] , using the same best-fit model. Bootstrapping (with 1000 replicates) was used to evaluate the nodal support of the interred likelihood phylogenetic trees. Output trees were viewed and further edited by FigTree version 1.3.1 software (University of Edinburgh, Edinburgh, UK) [59] .
Similarity calculations were performed using ClustalW software with pairwise distances model (www.genome.jp/tools/clustalw/). Similarity values were determined based on the sequences aligned score.
Northern Blotting
A total of 12.5 lg of RNA from the putative ovarian tissues of females that were sampled in March 2013 was separated by electrophoresis on a 0.8% agarose gel containing 2.2 M formaldehyde and transferred to a nitrocellulose membrane (Hybond-C Extra 0.45 lm; GE Healthcare, Little Chalfont, UK). RNA probe synthesis was performed using a DM and DMA-domain-containing fragment (nucleotides 161-986 of EaDmrtE) that was subcloned into pGEM Teasy vectors (Promega, Madison, WI). Antisense RNA probes were transcribed in vitro using digoxigenin (DIG)-labeled uridine triphosphate (Roche, Mannheim, Germany) and T7 polymerase (Promega). The hybridization procedure was published previously [49] .
In Situ Hybridization
DIG-labeled sense and antisense probes were synthesized using a DM and DMA-domain-containing fragment (nucleotides 161-986 of the EaDmrtE gene), using the methodology described above. For in situ hybridization (ISH) of tissue sections, putative ovarian tissues isolated from polyps were fixed at 48C for 16 h in 20% Shandon zinc formal-Fixx (Thermo Scientific, Pittsburgh, PA) in 0.22 lm of filtered seawater. Samples were dehydrated, embedded in Paraplast Plus (Sherwood Medical, St. Louis, MO), and cut into 4-lm serial sections. Sections with putative ovarian tissues from October 2013 were dewaxed, hydrated, and stained with hematoxylin-eosin (Thermo Scientific) or processed for ISH with DIG-labeled RNA probes. Hybridization procedures followed those published previously [48] .
RESULTS
Isolation and Characterization of EaDmrt Paralogs
Seven full EaDmrt paralog transcript sequences were successfully obtained based on the methods described in this study. Their homology was preliminarily assessed using BLAST searches against the existing A. digitifera and N. vectensis transcriptome databases. Accordingly, the seven EaDmrt paralogs were annotated as EaDmrtA, EaDmrtB, EaDmrtC, EaDmrtE, EaDmrtF, EaDmrtG, and EaDmrtH. The DmrtD existing in other cnidarian species was not found in E. ancora. The sequences obtained were deposited in NCBI GenBank under accession numbers KP407874 to KP407880, respectively. The lengths of the EaDmrt cDNAs, including the 5 0 -untranslated region (UTR), 3 0 -UTR, and poly-A tail, were 2014 bp (DmrtA), 1509 bp (DmrtB), 1523 bp (DmrtC), 1775 bp (DmrtE), 1931 bp (DmrtF), 2194 bp (DmrtG), and 1008 bp (DmrtH). Those EaDmrt cDNAs encoded 450 amino acid residues (DmrtA), 430 residues (DmrtB), 381 residues (DmrtC), 345 residues (DmrtE), 319 residues (DmrtF), 314 residues (DmrtG), and 133 residues (DmrtH), respectively. Their domain architecture is shown in Figure 2 . Conserved DM domains were identified in all EaDmrts, and 6 had 2 domains: one DM domain (62 residues) with CCHC and HCCC zinc binding sites and o1 DMA domain (41 residues). Only EaDmrtH lacked the DMA (Supplemental Fig. S1 ; all Supplemental Data are available online at www.biolreprod. org). Regarding the similarity of the amino acid sequences among individual domains in the EaDmrt paralogs, the DM domains shared a higher similarity (48%-79%) than the DMA domains (39%-60%) ( Table 1) .
Phylogeny of Metazoan Dmrt Genes
Regardless of the methods and datasets used to perform the phylogenetic analyses, our results showed a generally poor resolution (in terms of ML bootstrap supports and Bayesian posterior probabilities) for the evolutionary relationships of the cnidarian Dmrt genes and other metazoan Dmrt genes, based on the short sequences (64 amino acid residues) available from the DM domains (Fig. 3, Supplemental Fig. S2) . Nevertheless, the seven identified EaDmrts were placed into the corresponding cnidarian Dmrt clusters, confirming their gene orthology with other cnidarian Dmrts (except for Hydra spp HmDmrts) (Fig. 3) . The phylogenetic uncertainty of Hydra spp HmDmrts in the trees may result from the long-branch artifact in phylogenetic reconstruction.
Temporal Gene Expression of EaDmrts
Temporal variations in the gene expression patterns of individual EaDmrts during gametogenesis were analyzed in males and females at three time points from the early (females from October, males from December), middle (February), and mature (April) stages of spermatogenesis/oogenesis. The expression levels of all EaDmrts were detected at different stages in both sexes by qPCR assays (Fig. 4) . When two-way ANOVA tests were performed, only EaDmrtE showed significant differences in gene expression patterns. Indeed, EaDmrtE exhibited relatively lower expression levels in male than in female colonies across the different seasonal samples. Its expressions was progressively enhanced over time and reached its highest peak at the mature stage (April) in female colonies only (Fig. 4) .
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Spatial Gene Expression for EaDmrts
Spatial variations in gene expression patterns for individual
EaDmrts were analyzed in males and females from the tissue samples collected from the tentacles, gonads, and mesenteric filaments. The expression of all EaDmrts was detected in different tissue samples in both sexes by qPCR assays (Fig. 5) . When two-way ANOVA tests were performed, EaDmrtA, EaDmrtE and EaDmrtF showed significant gene expression pattern differences. DmrtA and DmrtF exhibited higher expression levels in female tentacles than in other tissue samples. EaDmrtC and EaDmrtH exhibited higher expression levels in tentacles than in other tissue samples, whereas no significant expression differences existed between male and female colonies. DmrtE expression was unique, as significantly high transcript levels were present only in the female gonads (ovaries) (Fig. 5) .
Northern Blot Analysis and In Situ Hybridization of EaDmrtE Transcripts
To further confirm the unique expression pattern of EaDmrtE within ovarian tissue, Northern blot analysis and ISH were performed. A single band of the EaDmrtE transcript was detected with an estimated size of 1.8 kb by using a DM and DMA domain-containing probe for Northern blot analysis (Fig. 6A) . ISH revealed that EaDmrt expression localized in the cytoplasm of oocytes by using hematoxylin-eosin staining to assist with identification (Fig. 6 , B and C). Signals were not observed when the sense probe was applied (Fig. 6D ).
EaDmrtE as a Maternal Factor
Our data for the EaDmrt expression patterns in seasonal and tissue-specific samples showed that only EaDmrtE had significant levels of expression in the ovaries during spawning season (Figs. 4 and 5) . The qPCR results indicated that the high EaDmrtE transcript levels were detected not only in unfertilized mature eggs but also in newly formed zygotes. The levels of the retained EaDmrtE transcripts decreased significantly as embryonic development progressed (Fig. 7) . We suggest that the EaDmrtE gene product is a putative maternal regulator during the embryogenesis.
DISCUSSION
This study presents the first comprehensive investigation of the Dmrt gene family in Cnidaria spp performed with a series of analyses that included gene characterization, quantitative gene expression, and in situ mRNA localization. Our results showed that all seven Dmrts found in the stony coral species were widely expressed in different tissues (tentacles, mesenteric filaments, and gonads) collected from the colonies of both sexes at different stages. However, only the EaDmrtE gene presented a significantly different gene expression pattern, with enriched expression in female gonads at the mature stage. In situ hybridization confirmed that EaDmrtE localized in the A MATERNAL Dmrt GENE IN REPRODUCTION IN A CORAL cytoplasm of matured oocytes. The involvement of EaDmrt as a potential regulator during oocyte development has never been demonstrated in a nonvertebrate species (Fig. 1) .
Female-Specific Dmrt Genes in Metazoans
EaDmrtE identified in this study presents two significant characteristics: its oocyte specificity and its increased transcriptional level during oocyte maturation. Similar characteristics have previously been reported only in some vertebrate species. The DMO found in a teleost fish, Oreochromis niloticus, is expressed exclusively in the ovaries, which led the FIG. 3 . The 50% majority rule-consensus tree resulting from the Bayesian phylogenetic analysis with best-fit JTTþGamma model is based on the amino acid sequences from the DM domains of the cnidarian Dmrts gene. Sequences were extracted from 11 species, including Hydra magnipapillata (Hm), N. vectensis (Nv), Aiptasia pallida (App), A. millepora (Am), Acropora palmate (Ap), A. hyacinthus (Ah), Pocillopora damicornis (Pd), Stylophora pistillata (Sp), Porites astreoides (Pa), Platygyra carnosus (Pc), and Euphyllia ancora (Ea). Numbers on the branches represent nodal supports inferred from the posterior probabilities in Bayesian analysis and bootstrap values from ML analyses. Values less than 50% are not shown. Branches with high posterior probabilities are in boldface. Hypothetical duplicated sequences or isoforms are highlighted in gray boxes, and genes related to sexual reproduction are indicated with star signs. The phylogenetic tree was artificially rooted by the DmrtG cluster.
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authors to suggest that this gene is involved in female sex differentiation [60] . A female-specific DM-W gene was characterized in an amphibian species, Xenopus laevis, was thought to be associated with female gonad determination as male tadpoles displayed coexisting testes and ovaries after exogenous DM-W was introduced in the embryos [61] . In contrast, DM-W repression in adult X. laevis females can lead to abnormal ovarian development and an increase in malespecific Dmrt1 expression [10] . Although the nonvertebrate Drosophila species also displays a similar sex-specific regulation of target gene expression that may lead to sexual differentiation, this regulation is performed through two alternative (female-specific and male-specific) isoforms of the same Drosophila Dsx gene [11] . Therefore, the discovery of the female-specific and sexual reproduction-related EaDmrt gene is novel in nonvertebrate species.
To further study whether the female-specific Dmrt genes in metazoans arose from the same origin, phylogenetic analyses were performed in this study. We found that teleost femalespecific Dmrt (DMO) falls into the bilateral Dmrt2/-4/-5 and related genes but does not cluster with EaDmrtE ( Supplemental  Fig. S2 ). The amphibian female-specific DM-W that originated from a duplication of the tetrapod male-specific Dmrt1 gene is nested within the vertebrate Dmrt1 gene cluster in the phylogenetic trees reconstructed in this (Supplemental Fig.  S2 ) and in another study [10] . Cnidarian DmrtE, -F, -G and -H are clustered together and formed a separate clade from the vertebrate Dmrt1 and -6 clade (Supplemental Fig. S2 ). The close affinity of EaDmrtE to the amphibian female-specific DM-W is less likely.
Transcriptional Regulations in Oogenesis
As transcriptional factors, the Drosophila and C. elegans Dmrt genes might direct the sex-and tissue-specific transcription of their yolk protein genes [3, 62] . The Drosophila and C. elegans yolk proteins are synthesized in nongonad tissue in fat body and follicle cells and in endodermal cells, respectively [63] [64] [65] . A previous study investigating the stony coral yolk protein genes found that E. ancora vitellogenin (encoded by EaVg) and another egg protein (encoded by EaEp) are progressively synthesized during oogenesis [49] . EaVg and EaEp are expressed in the somatic cells, which are surrounded by the oocytes. The encoded proteins are later present in the E. ancora oocytes [46] . From ISH studies conducted here, EaDmrtE transcripts are localized in the cytoplasm of female germ cells instead of the somatic cells. Thus, it is less likely that EaDmrtE directly regulates the yolk protein genes in E. ancora. However, murine Dmrt1 is expressed in oocytes and promotes the oogenesis through the transcriptional regulation of Stra8 [66] . The stony corals might use a similar transcriptional regulatory system as mice, regulating oocyte development.
Maternal Inheritance of Dmrts
Dmrt genes are involved not only in adult gonad sexual regulation in both sexes but also in neurogenesis and somitogenesis in early embryos [12, 43, [67] [68] [69] [70] [71] [72] . However, it is uncertain whether the regulators (carried in Dmrts) occurring in embryos are maternally inherited or embryonically transcribed. In this study, we detected high levels of EaDmrtE transcripts in unfertilized eggs as well as in zygotes. Transcript levels drop in later embryonic development. This evidence suggests a maternal inheritance of EaDmrtE. A similar characteristic was also observed in the teleost (medaka and cod) Dmrt4 gene, which is nonhomologous to EaDmrtE [73, 74] . 
Homology of Cnidarian Sexual Reproduction-Associated Dmrt Genes
In the phylogenetic analysis, we found that the cnidarian and bilateral Dmrt genes are not clustered in the same group and that this topology is similar to that in the previous study [7] . The A. millepora DM1, N. vectensis DmrE, and N. vectensis DmrtG identified from Cnidaria and their associations with sexual reproduction were suggested [39, 40] . However, it is unclear whether AmDM1, NvDmrtE, and NvDmrtG are related to sexual differentiation due to a lack of spatial expression studies, especially in germ cells [39, 40] . From the cnidarian Dmrt gene phylogenetic tree reconstructed in this study, AmDM1 is closely related to EaDmrtA (Fig. 3) , confirming their homology to the cnidarian DmrtA gene group. However, EaDmrtA expression displays no seasonal variation although it is also expressed in gonad tissues (Figs. 4 and 5) . Its transcripts are present in all examined E. ancora tissues collected during the reproductive season, with slightly higher expression levels in tentacles (Fig. 5) . We conclude that EaDmrtA may not be directly associated with germ cell development during the reproductive season. NvDmrtE and NvDmrtG are expressed in the potential gonad tissue and somatic cells whereas EaDmrtE is only specific expressed in the female germ cells and EaDmrG has no specific tissue expression.
Finally, EaDmrtE and NvDmrtE are phylogenetic closer related rather than other cnidarian sexual reproductionassociated Dmrt genes (AmDM1 and NvDmrtG) as EaDmrtE and NvDmrtE were grouped together in the inferred gene tree (Fig. 3) . They are not related to the bilateral sexual reproduction-associated Dmrt genes (e.g., Dmrt1) (Supplemental Fig. S2 ). Although the uncertainty in the gene homology exists, based on our findings for the Dmrt gene family (particularly EaDmrtE) in the stony coral, we suggest that the evolutionary origin of the Dmrt gene family and its associated functions in sexual reproduction may have occurred during early metazoan evolution, and different cnidarian species may use different copies of the Dmrt genes to regulate sexual reproduction.
In this study of E. ancora, we successfully obtained seven full-length Dmrt genes and clearly examined their gene expression patterns. All retrieved EaDmrt transcripts had one DM domain and one DMA domain, except for EaDmrtH, which had only a DM domain, as with A. digitifera DmrtH [6] . The DMA domain of DmrtH might never have been present or might have been lost during early cnidarian evolution [6] . A putative cnidarian DmrtD might have been lost in E. ancora as it is not detectable in the E. ancora gonad transcriptome database. However, we think that the undetectable EaDmrtD might exist in the genomes but is expressed in different E. ancora tissues. Therefore, continuing to screen for EaDmrtD in the transcriptome databases of other tissues or in the whole genome sequence database when it becomes available is necessary in the future.
In this study, we report a novel female-specific and sexual reproduction associated Dmrt gene in cnidarians. Femalespecific Dmrt genes were previously only reported in some vertebrate species. We also observed that the sexual regulation by the Dmrt genes remained conserved among different metazoan lineages. However, the similar functions shared by the metazoan Dmrt genes should have evolved independently, according to the phylogenetic results.
